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Abstract

Human stroke serum (HSS) has been shown to impair cerebrovascular function,
likely by factors released into the circulation after ischemia. 20nm gold nano-
particles (GNPs) have demonstrated anti-inflammatory properties, with evidence
that they decrease pathologic markers of ischemic severity. Whether GNPs affect
cerebrovascular function, and potentially protect against the damaging effects of
HSS on the cerebral circulation remains unclear. HSS obtained 24 h poststroke
was perfused through the lumen of isolated and pressurized third-order posterior
cerebral arteries (PCAs) from male Wistar rats with and without GNPs (~2x 10’
GNP/ml), or GNPs in vehicle, in an arteriograph chamber (n=_8/group). All ves-
sels were myogenically reactive 260mmHg intravascular pressure; however,
vessels containing GNPs had significantly less myogenic tone. GNPs increased
vasoreactivity to small and intermediate conductance calcium activated potas-
sium channel activation via NS309; however, reduced vasoconstriction to nitric
oxide synthase inhibition. Hydraulic conductivity and transvascular filtration,
were decreased by GNPs, suggesting a protective effect on the blood-brain bar-
rier. The stress-strain curves of PCAs exposed to GNPs were shifted leftward,
indicating increased vessel stiffness. This study provides the first evidence that
GNPs affect the structure and function of the cerebrovasculature, which may be
important for their development and use in biomedical applications.
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1 | INTRODUCTION

Acute cerebral ischemia rapidly damages brain tissue by
impairing the delivery of oxygen and glucose. The result-
ing tissue damage initiates the release of pro-inflammatory
cytokines into cerebral circulation, resulting in increased
neuroinflammatory levels as early as 36 min after isch-
emia (Kowalski et al., 2023). In addition to increased
inflammation, this damage activates immune cells, gen-
erates reactive oxygen and nitrogen species (RONS), and
increases blood-brain barrier permeability (Candelario-
Jalil et al., 2022; Cipolla et al., 2011; Villringer et al., 2017;
Yang et al., 2019). Some of these postischemic circulating
factors have been shown to have vasoactive properties
(Candelario-Jalil et al., 2022; Sprague & Khalil, 2009),
which may be responsible for the contralateral effects
of ischemia such as impaired dynamic autoregulation
(Aries et al., 2010; Eames et al., 2002; Xiong et al., 2017),
decreased myogenic tone (Cipolla & Curry, 2002; Coucha
et al.,, 2013), and increased blood-brain barrier (BBB)
permeability remote from the ischemic lesion (Villringer
et al., 2017). In fact, the exposure of healthy, nonischemic
cerebral arteries to HSS has been shown to cause vascular
dysfunction (Canavero et al., 2016), providing further evi-
dence that there are circulating factors after cerebral isch-
emia that impact cerebrovascular function in otherwise
healthy arteries.

It is possible that postischemic neuroinflamma-
tion and cerebrovascular dysfunction contribute to in-
jury (Anrather & Iadecola, 2016; Anthony et al., 2022;
Candelario-Jalil et al., 2022; Okar et al., 2020; Sprague &
Khalil, 2009; Yang et al., 2019), with inflammation being
actively researched as a therapeutic target for stroke (Kelly
et al., 2021). One relatively novel agent that has been
demonstrated to have intrinsic anti-inflammatory proper-
ties is 20nm gold nanoparticles (GNPs), which have been
demonstrated to be beneficial in various diseases such as
cerebral ischemia (Liu et al., 2013; Zheng et al., 2019). The
anti-inflammatory properties of GNPs are postulated to
be mediated through inhibition of pro-inflammatory cy-
tokines (Chen et al., 2013), reduced endothelial-leukocyte
adhesion (Di Bella et al., 2021; Diaz-Pozo et al., 2022),
suppression of RONS generation (Rizwan et al., 2017),
and the inactivation of proinflammatory molecules (Deng
et al., 2013; Liu & Peng, 2017; Setyawati et al., 2015). How
GNPs interact with cells is affected by which molecules
bind to the nanoparticle surface forming the protein co-
rona (Lundqvist et al., 2017; Setyawati et al., 2015). It is
possible that GNPs provide a beneficial effect during dis-
ease states through the binding of harmful molecules in
their protein corona (Hajipour et al., 2014). These prop-
erties of GNPs could lead to their development as a mul-
tiuse technology, potentially as a drug delivery vehicle

or imaging modality (Jeong et al., 2014), with intrinsic
anti-inflammatory capabilities. The interaction of GNPs
with cells is dependent on size and surface composi-
tion (Chithrani & Chan, 2007; Deng et al., 2013; Ernst
et al., 2021; Liu et al., 2017; Setyawati et al., 2017), here we
looked at 20 nm citrate-capped GNPs.

Given the increased use of GNPs in humans, un-
derstanding how they affect cerebrovascular structure
and function seems important. GNPs have been shown
to cause impaired smooth muscle cell migration (Lo
et al., 2018), and activation of large conductance calcium
activated potassium channels (BK,) (Soloviev et al., 2015,
2023), causing vasodilation. In the brain, very little is
known about how GNPs interact with cerebrovascular
structure. Changes in structure can lead to biomechani-
cal stiffening, which has been linked to an increased risk
of stroke (Boutouyrie et al., 2021; Cipolla et al., 2018).
Understanding if, or how, cerebrovascular structure is
altered by GNPs is another consideration for their use in
biomedicine.

Any influence GNPs have on structure or function of
cerebral vessels is likely first sensed by the vascular endo-
thelium. The vascular endothelium is heterogenous with
different vascular beds expressing different ion channels
and different levels of vascular permeability (Setyawati
et al., 2015). In the central nervous system (CNS), the
BBB has tight paracellular junctions and highly specific
transporter expression (Abbott et al., 2010). In cultured
endothelial cells, GNPs have been shown to enter endo-
thelial cells, and increase endothelial leakiness in a size-
dependent manner (Bartczak et al., 2011; Chen et al., 2020;
Liu et al., 2017, 2018). However, this process is not well
characterized in the BBB, which acts to protect the sensi-
tive milieu of the CNS. Understanding the effect of GNPs
on BBB permeability is an important consideration if they
are to be used in/as intravascular therapies.

Because GNPs are being investigated for use in humans
and treatment for stroke, we determined the influence of
GNPs on cerebrovascular structure and function by per-
fusing the lumen of healthy, nonischemic, third-order
posterior cerebral arteries (PCAs) from male Wistar rats
with 20nm GNPs with and without the presence of HSS.
In order to best mimic the postischemic circulatory en-
vironment, we used HSS drawn from patients 24 h after
experiencing a stroke. Under pressurized physiological
conditions, we investigated functions of cerebrovascula-
ture thatincluded myogenic tone, endothelium-dependent
vasodilatory pathways, and BBB permeability. We also
measured the impact of GNPs on structural properties
by measuring vascular distensibility and stiffness. We
found that GNPs reduced myogenic tone and increased
endothelial-dependent hyperpolarization (EDH). In ad-
dition, GNPs decreased BBB permeability but caused
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increased vascular stiffening. These findings may be im-
portant for the use and development of GNPs in biomed-
ical applications.

2 | MATERIALS AND METHODS

2.1 | Patients and HSS samples

Serum samples were drawn from patients 24 h after expe-
riencing stroke as part of an Institutional Review Board
approved study at Oregon Health Science University.
Informed consent was obtained from all patients or their
families. Stroke subtype was determined according to
Trial of Org 10172 in Acute Stroke Treatment (TOAST)
criteria. Stroke severity, clinical variables and medical
history were recorded by hospital staff (Supplemental
Table S1, https://doi.org/10.6084/m9.figshare.22325857).
HSS was immediately stored in polypropylene tubes at
—80°C. All patient samples in the current study (n=7, 4
male, 3 female) experienced cardioembolic stroke, had a
medical history of hypertension, and received tPA treat-
ment. Samples were pooled and stored at —80°C as ali-
quots until day of experimentation.

2.2 | Animals

Healthy male Wistar rats (~300-400g, RRID:RGD
737929) were used for all experiments (N=24). All ani-
mals were group housed in an enriched environment
in the Association for Assessment and Accreditation of
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Laboratory Animal Care (AAALAC) accredited, University
of Vermont Animal Care Facility. All animal procedures
followed the National Institutes of Health (NIH) guide-
lines for care and use of laboratory animals and were ap-
proved by the University of Vermont Institutional Animal
Care and Use Committee (IACUC). Animals followed a
12-h light/dark cycle and had access to food and water ad
libitum. All experiments were randomized using an on-
line random order generator.

2.3 | Drugs

Physiologic saline solution (PSS) was made monthly as
a stock, the composition of which was (mM) 119 NacCl,
4.7 KCl, 1.17 MgSO,, 0.026 EDTA, 3.4 CaCl,, 24 NaHCO,,
1.18 KH,PO,. Zero calcium PSS was also made monthly
with the same concentrations as above with the exclusion
of CaCl, and the addition of 0.5 mM EGTA. Both solutions
were stored at 4°C, and 5.5 mM dextrose was added on the
day of experiment. Blood gas mixture (5% CO,, 10% O,, 85%
N,), was used to aerate PSS, maintaining pH at 7.4+0.02
throughout experiments. A water bath heat exchanger
was used to maintain temperature at 37+0.2°C. Citrate-
capped gold nanoparticles in 0.1 mM phosphate-buffered
saline (GNP reported size: core 18-22nm, hydrodynamic
size 21-32nm) were purchased from Sigma-Aldrich (cata-
logue: 753610, lot number: MKCP2313). GNPs were meas-
ured upon receipt as 27.84+0.03nm, via dynamic light
scattering (DLS) and examined via transmission electron
imaging (TEM, Figure 1). On the day of the experiment,
GNPs, PSS and HSS were combined forming a 20% v/v

‘21 .44 nm

.20 .68 nm

L

100 nm

FIGURE 1 GNP morphology. GNPs (Sigma-Aldrich catalogue: 753610, lot number: MKCP2313) were examined via TEM at 5000x

magnification to validate size and structure of particles.
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solution of HSS/PSS with a GNP concentration of ap-
proximately, 1.87x10°-2.28 x10° particles per milliliter.
This 20% v/v solution of HSS/PSS, with or without GNPs,
was perfused into the lumen of the PCA. For experiments
without HSS, diluted particles in PSS were perfused at the
same concentration. NS309, No-Nitro-L-arginine methyl
ester hydrochloride (L-NAME), sodium nitroprusside
(SNP), diltiazem and papaverine, were purchased from
Sigma. NS309 was aliquoted into 1x107>M in dimethyl
sulfoxide (DMSO) and stored at —20°C until day of experi-
ment. Stock solutions of L-NAME, SNP, diltiazem, and
papaverine were made weekly and stored at 4°C.

2.4 | Experimental protocol

In order to elucidate the impact of GNPs on cerebral vas-
culature, third-order posterior cerebral arteries (PCASs)
were isolated from healthy male Wistar rats. Rats were
anesthetized with 3% isoflurane in O, and decapitated.
Brains were removed and placed immediately in PSS.
PCAs were dissected, mounted on glass cannulas, per-
fused with GNPs with PSS (PSS + GNP), GNPs with 20%
v/v HSS (HSS+GNP), or 20% v/v HSS without GNPs
(HSS), and pressurized in an arteriograph chamber. PCAs
perfused with HSS+ GNP and PSS+ GNP were equili-
brated at 20mmHg for 1h, PCAs perfused with HSS were
equilibrated at 20mmHg for 2h. Pressure was then in-
creased to 80 mmHg to allow for tone to develop, and BBB
permeability was measured every 5min for 30 min. After
permeability measurements were taken, pressure was
decreased to 20mmHg and then increased to 120 mmHg
in 20mmHg increments to measure myogenic reactivity.
Pressure was then returned to 80 mmHg for the remain-
der of the experiment. In order to determine the effect of
GNPs on vascular function, endothelial and smooth mus-
cle pathways were pharmacologically explored. Vessel
diameters in response to NS309 (107%-107°M), L-NAME
(107*M), and SNP (10°-10"°M, in the presence of L-
NAME) were recorded. At the end of the experiments,
PSS was replaced with PSS containing zero calcium; papa-
verine (10”*M) and diltiazem (10™>M) were also given in
order to fully relax the vascular smooth muscle and obtain
passive structural measurements. Passive vessel diameter
and wall thickness measurements were taken at 200, 180,
160, 140, 120, 100, 80, 60, 40, 30, 20, 10, and 5SmmHg.

2.5 | Particle characterization

The hydrodynamic size of the GNPs suspended in PSS with
and without exposure to serum was measured by dynamic
light scattering (Malvern Zetasizer Nano- ZSP). Samples

were run with a refractive index of 0.2 and absorption of 3.32.
Table S2 (https://doi.org/10.6084/m9.figshare.22326454)
shows the full settings that were used. Reported sizes are
based on the intensity average. During the experiments,
samples were incubated at 37°C for an hour before running
the tests. Particle morphology was also examined by TEM
(JEOL 1400). GNPs were plated on formvar grids and im-
aged at 5000x magnification (Figure 1).

2.6 | BBB permeability

BBB permeability was measured ex-vivo using a technique
previously described (Roberts et al., 2009) and conducted in
several studies (Amburgey et al., 2010; Schreurs et al., 2012;
Schreurs & Cipolla, 2014). Briefly, transvascular filtration
(Jy/S) and hydraulic conductivity (L,) were measured after
the equilibration period by measuring the drop in intravas-
cular pressure every 5min over the course of 30min after a
step increase in pressure to 80 mmHg. One vessel from the
HSS+ GNP group was excluded due to technical difficulties.

2.7 | Calculations
2.7.1 | Cerebrovascular reactivity
Percent tone was calculated via the equation,

((QPassive - gActive) / (ﬂSOmmHg Passive)) x 100 %’ where ac-
tive diameter (@, ) Was lumen diameter during pressure

steps and passive (Bpygqe) Was lumen diameter in zero-Ca**
PSSatthe equivalent pressure. Sensitivity to NS309 was cal-
culated as ((gDose - gBaseline) / (ﬂMax - gBaseline)) x 100% ’
where dose diameter (fp,, ) is at specific concentrations,
maximum diameter (@, ) was the largest diameter during
response to NS309, and baseline diameter (@g,geine) Was
diameter before NS309. Half maximal effective concentra-
tion (ECs,,) were calculated for each artery by plotting the
NS309 sensitivity curve on a semi-logarithmic scale and
extrapolating the value for 50% dilation via a best fit line
between 20% and 80% dilation. Percent constriction to
L-NAME was calculated as (1 - (?%)) x100% where
dose diameter ( ﬂDmg) was lumen diameter in the presence
of L-NAME and baseline diameter (@p,ge1in.) Was diam-
eter before L-NAME. Reactivity to SNP was calculated as

((gDose - gBaseline) / (QSOmmHg Passive — ﬂBaseline)) x 100 %.

2.7.2 | BBB permeability
Surface area of vessels was determined by treating the ves-
sel as an open-ended right cylinder. J;,/S was calculated

as %V = A?:S, where AV was volume flux and At was time.
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L, was calculated as L,=Jy /(Sx (Ap— Arx))where Az content; though, lumen diameters were larger in vessels
was transcapillary osmotic pressure. perfused with GNPs. Myogenic tone was calculated at every
pressure step (Figure 2b). Increasing pressure caused in-
creased myogenic tone in vessels from all groups. Vessels

2.7.3 | Biomechanical properties with GNPs had decreased myogenic tone compared to

vessels with HSS alone, indicating an interaction between
Percent distensibility was calculated for each pres- GNPs and the vessel occurred. Importantly the decreased
sure step in zero Ca’* PSS (passive) with the equation, myogenic tone, with GNPs, occurred with and without HSS.

( (ﬂPassive - ﬂSmmHg Passive) / (ﬂSrang Passive)) x100%. Wall
stress was also calculated for each passive pressure step,

stress was calculated as, 6y = %, where pwaspres- 3.2 | Influence of GNPs on cerebrovascular

sure and 6 is vessel wall thickness. Wall strain was calcu-  function

lated by’ (ﬂPassive - ﬂSmmHg Passive) / (ﬂSmmHg Passive )

Vessels without GNPs in their lumen constricted ~15%
to NOS inhibition suggesting basal NO was present to

2.8 | Statistics inhibit tone (Figure 3a). Vessels with GNPs constricted
less compared to HSS alone suggesting GNPs affected the

Statistics were run in GraphPad Prism version 9.4.1. Data response to NO. The NO donor, SNP, was given in the
are reported as mean+SEM. One-way analysis of vari-  presence of L-NAME to test smooth muscle sensitivity to
ance (ANOVA) with Tukey post hoc analysis or two-way ~ NO (Figure 3b). All groups were equally reactive to SNP,
repeated measures ANOVA with Tukey post hoc analysis indicating no difference in smooth muscle sensitivity to
were conducted to determine differences between means NO. Thus, the effect of GNPs appears to be related to NO
where appropriate. Normality was determined via Shapiro-  release or bioavailability.

Wilk tests. Data were considered significant at p <0.05. All vessels dilated to NS309 (Figure 4a); however, the
presence of GNPs significantly increased the sensitivity
to NS309 in both HSS + GNP and PSS+ GNP groups. The

3 | RESULTS ECs, to NS309 was also decreased in vessels with GNPs
(Figure 4b).

3.1 | Effect of GNPs on myogenic

reactivity
3.3 | GNPs decreased blood-brain barrier

Figure 2a shows the myogenic reactivity of vessels exposed ~ permeability

to GNPs with and without HSS. Vessels in all groups dilated

from 20mmHg to 40mmHg then maintained lumen di- The presence of GNPs in the lumen of PCAs significantly

ameter through higher pressure steps, regardless of lumen  decreased BBB permeability regardless of the presence

@) ) * *k

180 60 * *k * *k
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3 X . o
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FIGURE 2 Effect of GNPs on myogenic reactivity and tone in nonischemic PCAs exposed to human stroke HSS. (a) GNPs did not affect
myogenic reactivity in vessels with HSS or PSS. All vessels behaved myogenically to stepwise increases in intravascular pressure. Lumen diameters
at 120mmHg were—HSS: 131.1+9.8 pm, HSS+ GNP: 149.4+ 8.7 pm, PSS+ GNP: 155.9 +8.2um. There was no statistical difference between groups
at any pressure step (two-way repeated measures ANOVA, n=8/group). (b) The presence of GNPs decreased the amount of myogenic tone induced
by HSS at 40 and 100mmHg. PSS+ GNP had lower myogenic tone development at 40, 80, 100, and 120mmHg compared to HSS. Myogenic tone
was not different between HSS+ GNP and PSS+ GNP at any pressure. (* p<0.05, two-way repeated measures ANOVA, n=_8/group).
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FIGURE 3 Role of nitric oxide was influenced by GNPs in nonischemic PCAs. (a) Vessels exposed to GNPs in the presence of PSS
constricted less than vessels with HSS to NOS inhibition via L-NAME (HSS: 14.51 +1.89% vs. PSS+ GNP: 7.32+2.27%, p <0.05 one-way
ANOVA, Tukey post hoc). There was no statistical difference between HSS and HSS+ GNP (HSS: 14.51 +1.89% vs. HSS+ GNP: 9.42 +1.83%,
one-way ANOVA, Tukey post hoc, n=_8/group). (b) All groups dilated in a dose-dependent manner to SNP. At 10~>M, HSS: 38.18 +3.51%,
HSS + GNP: 48.52 +6.2%, PSS+ GNP: 51.58 +7.98%, Indicating that the differences seen in panel a are due to changes in the endothelium,
not smooth muscle reactivity. (two-way repeated measures ANOVA, n=_8/group).

%k
(a) (b) '**
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FIGURE 4 Vessels exposed to GNPs had increased sensitivity to NS309, a small-and intermediate-conductance calcium-activated
potassium channel opening. (a) All vessels dilated to NS309. Both HSS+ GNP and PSS+ GNP were significantly more sensitive at 3x10-7M
of NS309 (HSS: 0.43 +2.51%, HSS + GNP: 20.46 + 4%, PSS+ GNP: 30.37 + 5.16%, * p < 0.05 two-way repeated measures ANOVA). PSS+ GNP
vessels were also more sensitive at 10"°M compared to HSS (HSS: 45.29 +11.78% vs. PSS+ GNP: 84.77 +4.77%, * p <0.05 two-way repeated
measures ANOVA, n=38/group). (b) GNPs significantly increased vascular sensitivity to NS309, shown by a leftward shift of the ECs, (HSS:
1.16 X10-6 +2.01 X 10-7, HSS+ GNP: 5.25 X 10-7 +6.12 X 10-8, PSS+ GNP: 4.48 X 10-7 +2.29 X 10-8, ** p <0.005 one-way ANOVA, Tukey
post hoc, n=38/group).

of HSS. Both transvascular filtration (Figure 5a) and hy- HSS without GNPs. A stress-strain curve was plotted for

draulic conductivity (Figure 5b), were less in vessels with
GNPs than with HSS alone (p<0.05, two-way repeated
measures ANOVA). Although, this was not statistically
significant in vessels perfused with PSS+ GNP.

3.4 | Structural changes induced
by GNPs

The effect of GNPs on distensibility is shown in Figure 6a.
The presence of GNPs decreased distensibility in both groups
containing GNPs (PSS+GNP & HSS+GNP) compared to

each group (Figure 6b), which showed a typical J-shaped
exponential curve for all vessels, depicting low strain at low
pressures and high strain at higher pressures. The stress-—
strain curve of the PSS+ GNP and HSS+ GNP groups were
shifted to the left when compared to HSS vessels, indicating
that vessels exposed to GNPs were stiffer regardless of HSS.

3.5 | Interaction of GNPs with HSS

In the presence of HSS, the size of GNPs was
79.47+0.32nm, as measured by DLS. This value is
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FIGURE 5 GNPsdecreased blood-brain barrier permeability. (a) The effect of GNPs and HSS on transvascular filtration per surface
area (J,/S) in PCAs after exposure to either HSS (n=8), HSS+ GNP (n=7), or PSS+ HSS (n=8). J,/S versus time for all groups showed
significantly less filtration in vessels exposed to HSS+ GNP compared to HSS at minutes: 10, 15, and 20 (* p <0.05, two-way repeated
measures ANOVA). (b) The effect of GNPs and HSS on hydraulic conductivity (L) versus time in PCAs. L, was significantly lower in
HSS + GNP vessels compared to HSS at minutes: 10, 15, 20 (* p <0.05, two-way repeated measures ANOVA, (HSS n=8, HSS+ GNP n=7,

PSS+GNP n=38).
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FIGURE 6 GNPsincreased vascular stiffness in PCAs. (a) HSS+ GNP vessels were significantly less distensible at lower pressures (5

and 10 mmHg) compared to HSS vessels (* p <0.05, two-way repeated measures ANOVA, n=8/group). PSS+ GNPs were also less distensible

at 5SmmHg (+ p <0.05, two-way repeated measures ANOVA, n=_8/group). (b) Stress-strain curve of PCAs exposed to GNPs regardless of the

presence of HSS had a leftward shift suggesting increased vascular stiffness (n=8/group).

higher than the size of the GNPs in 0.01 mM PBS, which
was reported as 21-32nm by Sigma and measured as
27.84 +£0.03nm via DLS upon receipt. In PSS, as expected
due to the high salt content, GNP size was measured
as 1739.67+327.19nm, indicating a very high degree
of aggregation. The diffusion coefficient of GNPs was
higher in HSS compared to PSS, 6.33 +0.01um?/s versus
0.31+0.07um?/s at 37°C. HSS mitigated aggregation,
likely due to protein adsorption at the surface of particles
providing colloidal stability.

4 | DISCUSSION

In this study, third-order PCAs from healthy male Wistar
rats were perfused with HSS and 20nm GNPs. The pres-
ence of GNPs had a myriad of effects on cerebrovascular

function. GNPs reduced myogenic tone, prevented vaso-
constriction caused by HSS, and increased sensitivity of
vessels to NS309. GNPs also decreased BBB permeability
and reduced the contribution of NO on myogenic tone—
independent of smooth muscle. However, the presence of
GNPs also caused vascular stiffening. These results may
be of broad interest for the future development of GNPs in
biomedical sciences. With the growing research involving
GNPs for biomedical applications, it is important to un-
derstand how GNPs interact with the cerebrovasculature.
We examined how GNPs affect cerebrovascular function
in the presence of HSS to add to the body of literature in-
vestigating the role of GNPs in inflammatory conditions
such as sepsis (Di Bella et al., 2021), and ischemia (Liu
et al,, 2013; Zheng et al., 2019).

By increasing the intravascular pressure from 20 mmHg
to 120mmHg, in 20mmHg steps, the effect of GNPs on
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myogenic reactivity of cerebral vessels was examined. In
Figure 2a, all vessels responded myogenically to the step-
wise increase in pressure. However, the constriction in
response to increased pressure was diminished in vessels
with GNPs. The diminished reactivity to pressure was also
reflected by decreased percent myogenic tone in vessels
exposed to GNPs (Figure 2b). The mechanism by which
GNPs decreased myogenic reactivity and tone is not clear.
It is possible that the vasoactive circulating factors pres-
ent in HSS caused vasoconstriction (Canavero et al., 2016)
and that these factors were mitigated by interaction with
GNPs, becoming sequestered by the protein corona.

It does not appear that the decreased tone was due to
diminished NO. PSS+ GNP vessels constricted signifi-
cantly less to NOS inhibition suggesting that NO coun-
teracted myogenic tone to a lesser extent in vessels with
GNP compared to HSS only vessels (Figure 3a). Because
there was no difference in smooth muscle reactivity to NO
(Figure 3b), this suggests that the difference in NO con-
tribution was due to an effect on the endothelium. It is
possible that GNPs decreased the bioavailability of NO by
interacting with precursors, such as L-arginine. Evidence
suggests that certain nanoparticles can cause transloca-
tion and subsequent inactivation of eNOS in cultured en-
dothelial cells (Astanina et al., 2014); however, the effect
of GNP on eNOS is unknown. Our lab has shown that
ischemia can cause changes in vasodilatory pathways,
shifting the counteraction of myogenic tone to become
more EDH dependent (Cipolla et al., 1997, 2009; Cipolla
& Bullinger, 2008). It is possible that GNPs are similarly
shifting the contribution of endothelial dependent vaso-
dilatory pathways through an unknown mechanism that
was responsible for decreased tone.

We saw that vessels containing GNPs were significantly
more sensitive to the SK,/IK, activator NS309 compared
to HSS only vessels (Figure 3). SK¢,/IK¢, channels are
key contributors to EDH, which is a marker of endothe-
lial health and has varying effects on basal myogenic tone
depending on the vascular bed and vessel size (Luksha
et al., 2009). The finding of increased SK,/IK, channel
sensitivity indicates that the endothelium was healthier
in the presence GNPs due to increased EDH functionality
by proxy of SK.,/IK, channel sensitivity. It has also been
shown that GNPs can increase intracellular calcium in en-
dothelial cells (Liu et al., 2018). Therefore, it is possible
that the increased sensitivity of EDH to NS309 was medi-
ated through an already heightened state of intracellular
calcium, making further activation via NS309 more robust.
In addition, circulating factors in HSS that may damage
the endothelium could have been sequestered via interac-
tion with the GNP surface making up the protein corona
(Hajipour et al., 2014; Setyawati et al., 2015), thereby mit-
igating their effects. Regardless of the mechanism, these

data show that GNPs improved endothelial health in the
presence of HSS.

Improved endothelial health was also shown by a
decrease in BBB permeability. Both transvascular filtra-
tion (Figure 5a), and hydraulic conductivity (Figure 5b),
were decreased in vessels with GNPs compared to HSS
alone. DLS measurement showed significant interaction
of GNPs with HSS forming a protein corona that resulted
in a diameter approximately 50nm larger than measured
hydrodynamic size (27.84+0.03nm to 79.47 +0.32nm),
and exhibited a wide size range, suggesting GNP-serum
interactions are heterogenous (PdIl: 0.93+0.07). It is fea-
sible that some of the circulating factors that could in-
crease BBB permeability are sequestered through their
interaction with GNPs. These data are contrary to the
relatively large body of work showing that 20nm GNPs,
in cell culture, increase endothelial permeability in the
process coined nanoparticle induced endothelial leak-
iness (Setyawati et al., 2017). This process is thought to
occur by calcium dependent actin remodeling within en-
dothelial cells, leading to increased paracellular gaps (Lee
etal., 2021; Liu et al., 2018; Setyawati et al., 2015, 2017; Tee
et al., 2019). The fact that we see the opposite effect in the
CNS suggests GNPs interact with BBB endothelial cells
differently than cultured endothelial cells or that GNPs
diminished the effects of some permeability enhancing
molecule(s) present in HSS. It has been shown that GNPs
can cross into the brain parenchyma (Sela et al., 2015)
without disrupting BBB permeability (Bittner et al., 2019;
O'connor et al., 2020); however, this mechanism is not
well understood. Interestingly, the crossing of the BBB
modifies the biologic properties of the GNP protein co-
rona (Cox et al., 2018), suggesting that protein interactions
drive how GNPs interact with the BBB. The prevention of
BBB permeability with 20nm GNPs has been shown be-
fore by Di Bella et al. (Di Bella et al., 2021) in a mouse
model of sepsis. They postulated that the prevention of
BBB permeability was due to decreased leukocyte interac-
tion with the vascular wall.

GNP interaction with the vasculature was not limited
to only functional properties, as effects on structural prop-
erties were also detected. The presence of GNPs in the vas-
cular lumen, regardless of HSS, caused vascular stiffening.
The mechanism by which GNPs increase vascular stiff-
ness is not clear. We hypothesize that GNPs interact with
elastin fibers causing fragmentation as they cross the ves-
sel wall. We also considered that GNPs were accumulat-
ing in the vessel wall. However, we were unable to detect
the presence of GNPs in the vessel wall using TEM at two
different timepoints (5min and 6.5h, images not shown).
Vascular stiffening in cerebral vessels can lead to in-
creased pulse pressure transmission to deeper brain struc-
tures, which has been linked to cognitive impairment and
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damage to the microvasculature (Henskens et al., 2008;
Tsao et al., 2013; Zhang et al., 2020; Zhong et al., 2014).
Increases in arterial stiffness have also been linked to an
increased risk of stroke (Van Sloten et al., 2015). The de-
gree of vessel stiffening caused by GNPs may be inconse-
quential and vessel dependent but should be an important
consideration moving forward with research and applica-
tions of GNPs.

We performed all experiments on vessels isolated and
pressurized that allowed for ex vivo investigation of artery
function in a more physiologically relevant environment
than cell culture. However, this study was not without
limitations. For example, while the isolated vessel ap-
proach is powerful, we do not know the effect of GNPs on
the vascular bed in vivo. Pressure changes affect the entire
vasculature tree and can change resistance longitudinally.
In addition, our vessel set up was a static system, with no
intraluminal flow. Without flow, our vessels were exposed
to minimal shear stress, which is an important component
of vascular function, activating channels such as TRPV4
(Chen & Li, 2021). It is important to consider that the addi-
tion of flow may influence how GNPs interact with the ce-
rebral endothelium (Chen et al., 2020). GNP-endothelial
interactions have also been shown to be concentration
dependent in cell culture (Falagan-Lotsch et al., 2016), in
this study we only used one concentration, it is possible
that changing the concentration of GNP would change its
effects. Additionally, PCAs were from male Wistar rats,
this allowed us to discern the effect of the pooled HSS
(from four male, three female patients) and GNPs on cere-
brovascular structure and function. Furthermore, while
our study utilized HSS, PCAs were not from animals that
had stroke. It is unknown how GNPs would interact with
ischemic vessels; however, our system gives insight into
how GNPs interact with nonischemic vessels in the pres-
ence of poststroke circulating factors as would be present
on the contralateral hemisphere of stroke patients.

In conclusion, our study investigated the interaction of
GNPs with cerebral arteries in a pressurized and physio-
logically relevant system. Our findings suggest that 20nm
GNPs may have beneficial effects on the cerebral vascula-
ture in the presence of HSS, but also induce vascular stiff-
ening and decrease NO counteraction on myogenic tone.
The physiological relevance of these effects and the mech-
anisms by which these occur warrant more investigation.
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